In cereals, several mildew resistance genes occur as large allelic series; for example, in wheat (Triticum aestivum and Triticum turgidum), 17 functional Pm3 alleles confer agronomically important race-specific resistance to powdery mildew (Blumeria graminis). The molecular basis of race specificity has been characterized in wheat, but little is known about the corresponding avirulence genes in powdery mildew. Here, we dissected the genetics of avirulence for six Pm3 alleles and found that three major Avr loci affect avirulence, with a common locus_1 involved in all AvrPm3-Pm3 interactions. We cloned the effector gene AvrPm3 a2/f2 from locus_2, which is recognized by the Pm3a and Pm3f alleles. Induction of a Pm3 alleledependent hypersensitive response in transient assays in Nicotiana benthamiana and in wheat demonstrated specificity. Gene expression analysis of Bcg1 (encoded by locus_1) and AvrPm3 a2/f2 revealed significant differences between isolates, indicating that in addition to protein polymorphisms, expression levels play a role in avirulence. We propose a model for race specificity involving three components: an allele-specific avirulence effector, a resistance gene allele, and a pathogenencoded suppressor of avirulence. Thus, whereas a genetically simple allelic series controls specificity in the plant host, recognition on the pathogen side is more complex, allowing flexible evolutionary responses and adaptation to resistance genes.
INTRODUCTION
In the gene-for-gene interaction model of plant-pathogen interactions, a single plant disease resistance gene (R) and a single complementary avirulence gene in the pathogen (Avr) account for pathogen recognition resulting in Avr-R-mediated resistance (Flor, 1971; Jones and Dangl, 2006) . Specific recognition of one of the many pathogen-secreted virulence factors, also known as effectors (Rafiqi et al., 2012) , leads to Avr-R coevolution, which imposes strong reciprocal selection leading to an evolutionary arms race, where pathogens adapt to avoid recognition by plant R genes, and plants counteradapt to regain recognition of pathogen effector genes (Jones and Dangl, 2006; Boller and He, 2009 ). In agreement with the gene-for-gene model, all of the race-specific R proteins mediate resistance upon recognition of their cognate AVR factors. R genes typically encode intracellular proteins with an N-terminal coiled-coil (CC) or TOLL/interleukin-1 receptor (TIR), a central nucleotide binding site (NBS), and a C-terminal leucine-rich-repeat (LRR) domain (Marone et al., 2013) , and many induce a hypersensitive response (HR), a form of programmed cell death that is effective particularly against biotrophic pathogens (Moffett et al., 2002) .
Studies of multiallelic race-specific R genes suggest that they evolved under strong diversifying selection to recognize specific Avr alleles from the pathogen Bhullar et al., 2009; Kanzaki et al., 2012) . Interestingly, there are only a few examples of true allelic series of race-specific R genes in plants; these occur as a single-gene locus with distinct allelic specificities and recognize differing spectra of pathogen races (Ellis et al., 1999; Rose et al., 2004; Seeholzer et al., 2010; Kanzaki et al., 2012) . Their evolutionary history contrasts with the more frequent resistance genes that are members of larger gene families, organized in complex clusters of gene paralogs, and can evolve through unequal recombination as shown for example for the flax (Linum usitatissimum) M locus (Anderson et al., 1997) , the tomato (Solanum lycopersicum) Cf4/9 locus (Parniske et al., 1997) , and the maize (Zea mays) Rp1 locus (Sun et al., 2001) .
Two of the best characterized examples of true allelic series are the downy mildew (Hyaloperonospora arabidopsidis) resistance gene RPP13 in Arabidopsis thaliana and the flax rust (Melampsora lini) resistance gene L. Both show strong diversifying selection within the LRR region Hall et al., 2009; Ravensdale et al., 2012) , a domain involved in specificity and direct AVR protein binding (Dodds et al., 2006; Krasileva et al., 2010) . Their allelic variants recognize naturally occurring variants of their cognate AVRs, ATR13 and AVRL567, respectively, where differences in recognition specificity between the R alleles are associated with amino acid polymorphisms between the Avr allelic variants (Ellis et al., 2007; Sohn et al., 2007) . Both ATR13 and AVRL567 are typical candidate secreted effectors with an N-terminal secretory sequence. These effectors show no similarity to any characterized proteins and have no known biochemical function and no functional protein motif besides the RXLR translocation sequence in ATR13. The RXLR sequence was later found in many oomycete effectors (Sohn et al., 2007; Wang et al., 2007; Vleeshouwers et al., 2011) . Different ATR13 and AVRL567 avirulence specificities are encoded within a single genetic locus or clustered, as are other AVR proteins of plant pathogens such as Leptosphaeria maculans (AVRLM1-2-6 and AVRLM3-4-7) and Phytophthora infestans (AVR3-AVR10-AVR11) (van der Lee et al., 2001; Balesdent et al., 2002; Allen et al., 2004; Dodds et al., 2004) . However, not all Avr loci for an allelic series of resistance genes are necessarily clustered: For example, there are several genetically segregating Avr loci involved in the recognition by different alleles of the flax rust L resistance (reviewed in Ellis et al., 2007) . In addition, and contrasting with the classical Avr-R interaction model, avirulence toward a few alleles of the Mla series was reported to be controlled by two independently segregating Avr loci in the pathogen. Avirulence for Mla7 and Mla13 was found to be controlled by two genes with unequal contributions, whereas two genes individually sufficient for avirulence on Mla6 have been described (Brown and Simpson, 1994; Brown and Jessop, 1995; Brown et al., 1996; Caffier et al., 1996) . Also, in flax rust, genetic evidence of an unlinked inhibitor of avirulence gene (I), inhibiting the recognition of several flax Avr genes (AvrL567, AvrM1, AvrL1, AvrL8, and AvrL10) by their corresponding resistance genes, was reported. However, the identity of this inhibitor gene and the mechanism that inhibits the recognition of these Avrs by their cognate R gene are unknown (Lawrence et al., 1981; Jones, 1988a Jones, , 1988b Ellis et al., 2007) . Further evidence for genetic interactions that go beyond the simple gene-for-gene model was found in the interaction of Fusarium oxysporum with the I resistance genes in tomato. The Avr1 effector induces resistance in the presence of the I-1 gene but suppresses the resistance function of the I-2 and I-3 resistance genes (Houterman et al., 2008) . In the same pathosystem, two additional specific suppressors of I gene function were identified in the pathogen, indicating the requirement of two fungal genes for immunity conferred by one resistance gene (Gawehns et al., 2014; Ma et al., 2015) .
Powdery mildews are agronomically important and widespread pathogens of crop plants. In cereals, the two most studied sources of resistance against powdery mildew are the allelic series of wheat (Triticum aestivum) Pm3 and barley (Hordeum vulgare) Mla, which encode CC-NBS-LRR-type proteins (Yahiaoui et al., 2004; Seeholzer et al., 2010) . The 17 functional alleles of Pm3 identified in cultivated hexaploid wheat are true alleles and share particularly high sequence identity (>97%) (Bhullar et al., 2009 (Bhullar et al., , 2010 . In this study, we focus on the six alleles Pm3a to Pm3f. They have all been identified in classical breeding studies to confer different resistance specificity and have been shown to be allelic by molecular cloning (Yahiaoui et al., 2004 (Yahiaoui et al., , 2006 Srichumpa et al., 2005) . In comparison, the Mla alleles share 84.6% sequence identity and show a similar divergence as the Arabidopsis RPP13 and the flax L alleles Seeholzer et al., 2010; Ravensdale et al., 2012) . Interestingly, some Pm3 alleles confer overlapping but distinct resistance specificities. Specifically, the spectrum of powdery mildew races recognized by the Pm3f and Pm3c alleles is completely included within the larger spectrum of races recognized by Pm3a and Pm3b, respectively. They constitute pairs of "weaker" (Pm3f and Pm3c) and "stronger" (Pm3a and Pm3b) alleles sharing higher sequence identity among the Pm3 alleles (Brunner et al., 2010) . This is similar to the overlapping specificities of the L5 and L6 alleles in flax. However, although L6 recognizes more alleles of AvrL567, the subset of alleles recognized by L5 is not encompassed within the subset recognized by L6 (Ravensdale et al., 2012) . Stirnweis et al. (2014a) subsequently found that two amino acid changes within the Pm3 ARC2 subdomain of the NBS are sufficient to extend the resistance spectrum of the weaker Pm3f allele to that of the stronger Pm3a allele, providing evidence for the concept that specificity of R proteins is the sum of avirulence protein recognition plus activation of the resistance protein (Steinbrenner et al., 2015) . This translates into a quantitative variation in the level of virulence in natural isolates, as described by Brunner et al. (2010) , when they calculated the haustorium index of natural isolates during transient expression assays of several Pm3 alleles. Further investigation of interallele interactions revealed that the resistance mediated by the Pm3a/f alleles is suppressed by the Pm3b/c alleles, which suggests a complex mechanism underlying allelic race specificity (Stirnweis et al., 2014b) . Functional studies of the LRR domain indicated that very few amino acid polymorphisms are responsible for differences in allelic specificity (Brunner et al., 2010) , thus suggesting direct recognition of allelic variants of an AVR effector, similarly to ATR13 and AVRL567.
Powdery mildew genomes contain a very large set of typical putative effectors based on their encoding small secreted proteins (Spanu et al., 2010; Wicker et al., 2013) , which represent characteristic candidate AVR factors in fungi and oomycetes. Despite the multitude of resistance genes effective against Blumeria graminis, only two avirulence factors have been cloned to date: AVR a10 and AVR k1 from barley powdery mildew (Ridout et al., 2006) . These Avrs are associated with non-LTR retrotransposons, and the mechanism of their interaction with Mla10 and Mlk1 is still unknown, as is the molecular basis of allelic specificity of the AvrMla-Mla interaction (Ridout et al., 2006) .
Given the unique evolutionary history of the recently diverged allelic series of the Pm3 resistance gene , combined with the evidence of complex interallelic interactions determining race specificity (Brunner et al., 2010; Stirnweis et al., 2014a Stirnweis et al., , 2014b , the AvrPm3-Pm3 interaction provides a unique system to study the genetic and molecular mechanisms controlling specificity on the host as well as the pathogen side. In addition, evidence of recent evolution of wheat powdery mildew toward host specificity that is associated with a strong expansion of the effector repertoire (Wicker et al., 2013) provides a unique system to study host-pathogen coevolution in light of the Avr-R interaction. In this context, identification of the Avr partners of the Pm3 alleles is a prerequisite.
Here, we show that Pm3 multiallelic race-specific resistance is controlled by multiple and genetically interacting loci in the fungus, where the final outcome depends on the combination of avirulence genes and avirulence gene suppressors, a very different system from the expected simple Avr allelic series encoded within a single locus in the pathogen. We identify the AvrPm3a/f effector gene in wheat powdery mildew and demonstrate that it confers specificity of recognition in an allele-dependent manner. This demonstrates that powdery mildew putative secreted effectors can be AVR factors. Finally, we relate these findings to previous studies of host Pm3 allelic specificity and demonstrate that distinct resistance specificities are genetically controlled by distinct Avr loci in the fungus. We also demonstrate that suppressing and suppressed Pm3 alleles recognize distinct Avr factors. Our findings show that the wheat powdery mildew pathosystem is highly complex both genetically and molecularly, adding insights into the evolutionary aspects of Avr-R interaction and host-pathogen adaptation.
RESULTS

Avirulence toward Pm3 Powdery Mildew Resistance Alleles Is Controlled by Multiple Pathogen Loci
Very few genetic studies have examined the inheritance of avirulence/virulence in obligate biotrophic fungi. The most extensive ones are those of flax rust (Flor, 1956; Lawrence et al., 1981) and barley powdery mildew (Brown and Simpson, 1994; Brown and Jessop, 1995; Brown et al., 1996; Caffier et al., 1996) , which reported several examples where avirulence/virulence was genetically controlled by two loci in the fungus. To examine the inheritance of avirulence in the wheat Pm3 pathosystem, we analyzed 167 F1 haploid progeny from a cross between the B.g. tritici isolate 96224, which is avirulent on six different alleles of the Pm3 resistance gene (Pm3a, Pm3b, Pm3c, Pm3d, Pm3e, and Pm3f), and the isolate 94202, which is virulent on all these alleles. These progeny were phenotyped completely or partially on wheat differential lines carrying one of six different Pm3 alleles (Pm3a, Pm3b, Pm3c, Pm3d, Pm3e, and Pm3f). They segregated for three classes of avirulence/virulence phenotypes. Based on the percentage of leaf coverage (LC) by the pathogen, progeny were scored either as avirulent (A; LC = 0), intermediate avirulent (I; LC ;= 10 to 40%), or virulent (V; LC = 60 to 100%) (see Methods; Supplemental Figure 1) . Parlange et al. (2015) described a cross between the same avirulent parent 96224 and isolate JIW2, which is virulent on Pm3c and Pm3f. There, the F1 population segregated for avirulence on Pm3c and Pm3f, and three phenotypical classes were observed for Pm3c, whereas only two classes were observed for Pm3f.
In the haploid F1 progeny, each genetic locus from the parental genotypes is expected to segregate in a 1:1 ratio, so that only one of the two parental alleles is present per locus and per individual. Therefore, when translating phenotype segregation into "Avr" and "avr" genetic loci in the haploid mildew, it is important to consider the following hypotheses as equally valid: (1) avirulence/virulence polymorphism is explained by the Avr allele inherited from the avirulent parent, which encodes a factor that promotes avirulence; or (2) avirulence/virulence is explained by the avr allele inherited from the virulent parent, which encodes a factor that promotes virulence. We used the precedents of B.g. hordei, where intermediate phenotypes and complex segregation ratios were reported (Brown and Simpson, 1994; Brown and Jessop, 1995; Brown et al., 1996; Caffier et al., 1996) , to formulate and test genetic models for the control of avirulence/virulence in B.g. tritici.
Results of the genetic analysis are summarized in Figure 1 , and detailed procedures for phenotype segregation analysis as well as phenotype-genotype assignments are given in Methods, Supplemental Figure 2 , and Supplemental Methods. On wheat genotypes containing Pm3a, Pm3c, and Pm3e, phenotype segregation fit a 1:1 ratio (A:V) (Table 1) , consistent with a model where the interaction is controlled by a single genetic locus differing between avirulent and virulent parents ( Figure 1A) . A progeny receiving the allele from the avirulent parent at locus A1/a1, C1/c1, and E1/e1 is avirulent on Pm3a, Pm3c, and Pm3e, respectively. By contrast, a progeny receiving the allele from the virulent parent at locus A1/a1, C1/c1, and E1/e1 is virulent on Pm3a, Pm3c, and Pm3e, respectively. Whether this locus controls virulence or avirulence cannot be determined at this stage of the analysis but will be considered later.
Segregation on Pm3b, Pm3d, and Pm3f did not fit the one locus segregation model, suggesting there is more than one locus controlling the avirulent/virulent phenotype and distinguishing the avirulent and virulent parents with respect to these Pm3 alleles. On Pm3f, phenotype segregation fit a ratio of 1 avirulent to 3 virulent, consistent with a model where two independently segregating loci differentiating the parents are involved in the interaction (F1/f1 and F2/f2). This model predicts that avirulence/virulence is controlled by an interaction between these two loci, where only progeny with the genotype of the avirulent parent at both loci are avirulent on Pm3f ( Figure 1B ). Segregation on Pm3b and Pm3d included the third class of intermediate phenotypes and did not fit the single locus or the two loci segregation models. On Pm3b, the F1 segregation fit a 5:1:2 ratio (A:I:V; Table 1) , consistent with a model where three independently segregating loci differentiating the parents are involved in the interaction (B1/b1, B2/b2, and B3/b3). Based on the ratio of 5:1:2 (A:I:V), this model predicts that progeny receiving the avirulence allele at locus B1/b1 are avirulent, regardless of the genotype at the other two loci. Progeny with the virulence allele at locus B1/b1 that have the avirulence alleles at both B2/b2 and B3/b3 loci are also avirulent. Progeny with only the avirulence allele from locus B2/b2 show intermediate avirulence.
Individuals that possess only the avirulence allele at locus B3/b3 and individuals with no avirulence alleles are virulent ( Figure 1C ; Supplemental Methods). Finally, segregation on Pm3d fit a 2:1:5 (A:I:V) ratio (Table 1) , consistent with a model involving three independently segregating loci differentiating the parents (D1/d1, D2/d2, and D3/d3). Based on the ratio of 2:1:5 (A:I:V), this model predicts that progeny receiving the avirulence alleles at both loci D1/d1 and D2/d2 are avirulent. Progeny receiving the avirulence alleles at loci D2/d2 and D3/d3 show an intermediate phenotype.
All other progeny are virulent ( Figure 1C ; Supplemental Methods).
We also compared phenotype patterns in the 143 F1 progeny for which we had complete phenotype data on five alleles of Pm3 ( Figure 2A ). As previously mentioned, a significant proportion of the progeny segregated for intermediate avirulence on Pm3b and Pm3d. However, the subsets segregating for this phenotype were different between these two alleles (Figure 2A ), suggesting that different loci or loci combinations in the pathogen are responsible for conferring the intermediate phenotype toward Pm3b and Pm3d. We found that one-eighth of the progeny was consistently avirulent on Pm3a/b/c/d/f and probably also on Pm3e, although we had only partial phenotypic data on this allele (Figure 2A ). We also found that the subset of progeny that is avirulent on Pm3b included all the progeny found to be avirulent on the six Pm3 alleles (Figure 2A ). This pattern is best explained by the presence of a genetic factor in the fungus commonly involved in the interaction with the six alleles of Pm3. Overall, these data indicate a complex genetic control of avirulence that could only be addressed by mapping the loci controlling the AvrPm3-Pm3 interaction across the genome. The genetic loci segregating for avirulence in the population are color coded. Locus_1, involved in the six AvrPm3-Pm3 interactions, is indicated in red. Locus_2, involved in the AvrPm3f2-Pm3f interaction, is indicated in purple. Locus_3, involved in the AvrPm3b2-Pm3b, AvrPm3c2-Pm3c, and AvrPm3d2-Pm3d interactions, is indicated in blue. Finally, the unmapped AvrPm3b3 and AvrPm3d3 loci are indicated in orange and green, respectively. At each locus, the genotypes from the avirulent 96224 and virulent 94202 parents are indicated by darker and lighter shades, respectively. For simplicity, the AvrPm3 loci were abbreviated by a single letter indicating the genotype of the avirulent (uppercase) and virulent (lowercase) parent. Phenotypes are indicated by A (avirulence), I (intermediate avirulence), and V (virulence). Segregation ratios of A:I:V are indicated. Detailed description and interpretation of phenotype segregation ratios from (A) to (C) are provided in Results and Supplemental Methods. (A) Avirulence toward Pm3a, Pm3c, and Pm3e is determined by the parental genotype inherited at a single locus, which is commonly involved in the six AvrPm3-Pm3 interactions. (B) Avirulence toward Pm3f is determined by the parental genotype inherited at two loci. One out of the four possible genotype combinations determines avirulence on Pm3f, and three determine virulence. (C) Avirulence toward Pm3b and Pm3d is determined by the parental genotype inherited at three loci. Eight genotype combinations are possible. For Pm3b, five determine avirulence, one determines intermediate avirulence, and two determine virulence. For Pm3d, two combinations determine avirulence, one determines intermediate avirulence, and five determine virulence.
Genome-Wide Mapping of the Genetic Loci Controlling the
AvrPm3-Pm3 Interaction
In addition to the F1 progeny from the cross between 96224 and 94202 (hereafter referred to as the 94202 population), we previously produced F1 progeny from a cross between 96224 and the British isolate JIW2 (hereafter referred to as the JIW2 population). The JIW2 population segregated only for AvrPm3f and AvrPm3c (Parlange et al., 2015) , but unlike the 94202 population, the F1 segregation indicated that only one locus genetically controls avirulence toward Pm3f, while two loci are genetically involved in conferring avirulence and intermediate avirulence toward Pm3c (only one locus segregates in the 94202 population for Pm3c). To map the loci controlling avirulence toward Pm3 in both populations, we chose to use progeny from both crosses for genome-wide single-nucleotide polymorphism (SNP) mapping. The genome sequence of the three parental isolates is available (Wicker et al., 2013) , and SNPs were identified by mapping Illumina sequence reads from 94202 and JIW2 on to the 96224 reference genome. A total of 164 F1 progeny from the JIW2 population and 154 from the 94202 population were scored for the presence of 254 and 228 SNP loci, respectively, using Kompetitive Allele-Specific PCR (KASP) technology (He et al., 2014) . By design, 200 of these SNPs corresponded to identical polymorphisms between 94202 and JIW2 compared with the reference 96224, allowing comparative mapping between populations. Of all the loci scored with KASP, 251 (98.8%) in the JIW2 population and 224 (98.2%) in the 94202 population were found to be polymorphic and were used to establish a genetic map.
We generated two genetic maps, using SNP-derived KASP markers, and an additional 80 amplified fragment length polymorphism (AFLP) markers were available for the JIW2 population (Parlange et al., 2015) . Both maps consisted of 17 linkage groups of at least four markers, with a total size of 1432 cM for the JIW2 map and 1227 cM for the 94202 map (Supplemental Figures 3 and  4) . Because of the markers shared between the individual maps, it was possible to produce three consensus linkage groups containing all the loci controlling the AvrPm3-Pm3 interactions mapped in both populations ( Figure 2B ; Supplemental Figure 4) . Consistent with the observation that a subset of progeny is avirulent on all Pm3 alleles, we mapped one locus in the fungus genetically interacting with the six tested alleles (locus_1) (Supplemental Figure 5 and Supplemental Methods). By selecting different subsets of progeny, we mapped a second locus genetically interacting with Pm3f (locus_2) and a third locus genetically interacting with Pm3b, Pm3d, and Pm3c (locus_3) (Supplemental Figure 5 and Supplemental Methods). Due to insufficient number of progeny, we were not able to map the genetic regions corresponding to the loci B3/b3 and D3/d3, which genetically interact with Pm3b and Pm3d, respectively ( Figure 1C ).
These data suggest that locus_1 might encode a general factor involved in all AvrPm3-Pm3 interactions. We hypothesized that specificity toward different alleles of Pm3 is likely to be controlled by the genotype of the avirulent parent at locus_2 for Pm3f (AvrPm3 f2 ) and locus_3 for Pm3b, Pm3c, and Pm3d (AvrPm3 b2 , AvrPm3 c2 , and AvrPm3 d2 ). For locus_2, which specifically interacts with the Pm3f allele, we hypothesized that only one genetic factor determining allelic specificity is likely to be encoded within this locus in the avirulent parent. By contrast, for locus_3, which genetically interacts with three different Pm3 alleles (Pm3b, Pm3c, and Pm3d), we hypothesized that up to three different genetic factors determining allelic specificity are likely to be encoded in this locus in the avirulent parent. Thus, because our data suggest a complex genetic control of avirulence by locus_3 (Supplemental Methods), and because we wanted to identify an allele-specific avirulence gene, we chose to focus our efforts on high-resolution mapping and subsequent map-based cloning of AvrPm3 f2 in locus_2.
High-Resolution Mapping of AvrPm3 f2 in Locus_2
To map the genetic interval containing AvrPm3 f2 , we used a subset of 70 F1 progeny from the 94202 population that are all avirulent on Pm3a and Pm3c, thus indicating they all have the genotype of the avirulent parent 96224 at locus_1 (AvrPm3 f1 ) according to the 1:1 (A:V) phenotypic segregation ratio on Pm3a and Pm3c. This subset of progeny segregates in a 1:1 ratio (A:V) on Pm3f, allowing us to distinguish AvrPm3 f2 and avrPm3 f2 (Supplemental Figure 6 ). Using KASP genotyping data from the selected 70 progeny, we generated a low-resolution genetic map on which we mapped AvrPm3 f2 within a genetic interval of 20 cM between the markers M033RE and M426MI ( Figure 3A ). To further reduce the genetic interval, we used whole-genome sequencing of F1 progeny in a process similar to bulk segregant analysis (Takagi et al., 2013; Supplemental Figures 6 and 7) and a series of cleaved amplified polymorphic sequence (CAPS) markers designed on SNPs between the parental isolates. We produced the left flanking marker 33M11, mapping at 0.7 cM (one recombinant) from AvrPm3 f2 on FPC contig-33, and the right flanking marker 52M2 mapping at 1.5 cM (two recombinants) from the Avr on FPC contig-52 ( Figures 3B and 3C ). In the powdery mildew for avirulent (LC = 0), "I" for intermediate avirulent (LC = 10 to 40%), and "V" for virulent (LC = 60 to 100%). b Wheat cultivars/lines carrying the Pm3 allele indicated in the first column. Near-isogenic lines obtained after backcrossing eight times in cultivar 'Chancellor' are indicated by the superscript "8*CC." c Genetic segregation is given as a theoretical ratio of A:I:V. Deviation of phenotype numbers from the theoretical ratios was tested with the x 2 test for goodness of fit. The degree of freedom was assigned as the number of phenotypic classes -1. d The probability value for the x 2 test. P < 0.05 would indicate significant deviation from the theoretical ratios.
genome assembly, no overlap was predicted between the flanking FPC contigs 33 and 52 in the physical map.
Sequencing, Assembly, and Annotation of Locus_2
To uncover the full sequence of the locus, we sequenced the minimal tiling path of the BAC contigs carrying both flanking markers of AvrPm3 f2 . BAC fingerprints initially assembled using the FPC algorithm ( Figure 3B ) (Wicker et al., 2013) were assembled de novo using the linear topological contig (LTC) algorithm (Frenkel et al., 2010) , which is specifically designed to assemble BACs from highly repetitive genomes. In the LTC assembly, clusters that contained the BACs of contig-33 and contig-52 could be linked together to form scaffold 10 (Supplemental Figure 8 ).
Physical markers designed to cover the predicted BAC overlaps confirmed the tiling path, and the seven most informative BAC clones were individually Illumina sequenced ( Figure 3D ). Sequencing reads were assembled into a 445-kb contiguous sequence that contained mainly transposable elements (TEs; 90% of the sequence) and 14 genes ( Figure 3E ). Among these, eight were predicted to encode For each level, the most informative genetic or physical interval was chosen to be depicted and the 59 to 39 orientation is arbitrarily assigned to improve clarity in the absence of knowledge of the location of the centromere.
(A) Linkage group 2 of the genetic map containing the AvrPm3f2 locus, the two closest KASP markers, M33RE (red) and M426MI (purple), the flanking marker on contig-52, 52M2 (blue), and a marker for contig-26, 26M4 (green). Distances are indicated in centimorgans (cM).
(B) Fingerprinted contigs (FPCs) covering the AvrPm3f2 region. Contigs linked to AvrPm3f2 by the genome-wide SNP genotyping approach (contig-33 and -426) and by bulk segregant analysis (contig-52 and -26) are shown, and their estimated sizes and location of genetically informative markers are given. Red, blue, purple, and green boxes denote known sequence, while gray boxes indicate sequence gaps as derived from the wheat powdery mildew genome sequence (Wicker et al., 2013) . Yellow is a sequence gap of unknown size in the FPC assembly. putative secreted effector proteins. The remaining six annotated genes had no predicted protein function.
Identification and Functional Validation of AvrPm3 a2/f2
To identify the avirulence gene candidates in locus_2, we searched for genes that were polymorphic between the parental isolates and genetically cosegregated with AvrPm3 f2 . Among the 14 genes predicted on locus_2, only Pu_3 and Pu_7 were polymorphic between 96224 and 94202 sequences, and the polymorphisms were validated by resequencing of specific PCR amplicons of the two genes from genomic DNA. Pu_3 was absent in the virulent parent 94202, while Pu_7 showed two SNPs between the parental sequences, one in each of the two predicted exons ( Figure 4A ). Closer analysis revealed that both SNPs lead to amino acid polymorphisms in the encoded protein. The first SNP results in a nonconservative amino acid substitution from the aliphatic, nonpolar glycine in the avirulent parent to acidic, polar glutamate in the virulent one. The second SNP results in a conservative amino acid substitution from alanine in the avirulent parent to valine in the virulent one. To test for cosegregation of Pu_7 with AvrPm3 f2 , we relied on a SNP in the gene coding sequence distinguishing between the parental alleles, to derive a gene-specific CAPS marker (pu7_CAPS; Supplemental Table 1 ). This marker was tested on the subset of progeny segregating in a 1:1 ratio for AvrPm3 f2 and mapped at 0 cM from Avr, which demonstrated that Pu_7 cosegregates with AvrPm3 f2 . For Pu_3, given its proximity to marker 52M7, which cosegregates with AvrPm3 f2 , and its presence-absence polymorphism between the parents, we decided to consider it also as a valid Avr candidate. Brunner et al. (2010) previously demonstrated that the two alleles Pm3f and Pm3a have characteristic resistance spectra: Based on the observation that all the isolates recognized by Pm3f were also recognized by Pm3a, but not vice versa, they concluded that Pm3a is a stronger form of Pm3f. Later, Stirnweis et al. (2014a) showed that a substitution of only two amino acids in the NBS domain of PM3F (PM3F L456P/Y458H ) was sufficient to broaden Pm3f-mediated resistance to potentially confer the same race specificity as Pm3a, thus substantiating the hypothesis that Pm3a is a stronger version of Pm3f. Therefore, to test for interaction with the resistance gene, Pu_3 and Pu_7 were cloned from the avirulent parent 96224 (Pu_3 avr and Pu_7 avr ) and the virulent parent 94202 (Pu_7 vir ). Constructs expressing protein versions with and without signal peptide were transiently coexpressed by agroinfiltration in Nicotiana benthamiana with the Pm3f, Pm3f L456P/Y458H , and Pm3a resistance genes. No reaction was observed in any infiltrations involving the two versions of Pu_3 avr (with and without signal peptide) in combination with the three Pm3 genes, which indicates that Pu_3 avr is not the Avr. For Pu_7, a strong hypersensitive cell death response was observed in all infiltrations where Pu_7 avr version without signal peptide ( Figure 4B ) was coexpressed with Pm3f L456P/Y458H and Pm3a ( Figure 5A ). We also coexpressed this version of Pu_7 avr with the weak Pm3f allele, which resulted in weak HR in 23% of the leaves (Supplemental Figure 9) . These results indicate that Pu_7 avr confers dual specificity toward Pm3f and Pm3a and further substantiate that the two amino acid polymorphisms within the nucleotide binding domain of PM3F are lowering the cell death response upon AVR recognition. Therefore, for clarity and consistency with the genetics, Pu_7 avr is hereafter referred to as AvrPm3 a2/f2 . No reaction was obtained in all infiltrations with the Pu_7 vir allele (avrPm3 a2/f2 ) (Figured 4B and 5A), demonstrating that AvrPm3 a2/f2 behaves as a race-specific Avr with an avirulent version that is recognized by its cognate R protein and a virulent version that escapes recognition.
In the infiltrations involving AvrPm3 a2/f2 version with signal peptide (Figure 4B ), in combination with Pm3f L456P/Y458H or Pm3a, a weak HR was observed compared with the controls involving the version without signal peptide ( Figure 6A ). Our interpretation is that the removal of the signal peptide from AVRPM3 A2/F2 allows the protein to accumulate inside the cell instead of being secreted to the apoplast. Therefore, considering the putative intracellular localization of the PM3 proteins, these results suggest that AVRPM3 A2/F2 probably interacts with PM3A and PM3F L456P/Y458H in the cytosol or the nucleus.
We then investigated whether AvrPm3 a2/f2 was recognized by other alleles of Pm3. Using the same assay in N. benthamiana, AvrPm3 a2/f2 was transiently coexpressed with Pm3b, Pm3c, Pm3d, and Pm3e, and no HR was observed. This indicates that AvrPm3 a2/f2 is specific to Pm3a and Pm3f, suggesting that there are other AvrPm3 genes that specifically interact with the other Pm3 alleles, which is in agreement with our observation described above that multiple loci in the fungus are involved in the AvrPm3-Pm3 interaction.
To test for AvrPm3 a2/f2 -Pm3a/f interaction in wheat, we used particle bombardment to transiently coexpress AvrPm3 a2/f2 and Pm3a in the susceptible wheat cultivar 'Chancellor.' We used the pUbiGUS reporter plasmid to assess GUS accumulation in leaf segments cobombarded with AvrPm3 a2/f2 and Pm3a compared with (1) a negative control consisting of a cobombardment of the empty expression vector (pIPKb004) with Pm3a and (2) a positive control consisting of a cobombardment of the empty expression vector with Pm3a HR , an autoactivated version of Pm3a triggering a constitutive cell death response (Stirnweis et al., 2014b) . The number of GUS-expressing cells was revealed by GUS staining, 48 h after bombardment. The number of GUS-expressing cells was significantly reduced when cobombarding AvrPm3 a2/f2 with Pm3a, compared with the Pm3a negative control ( Figure 5B ). This reduction was as significant as with the cell death-inducing Pm3a HR control, indicating that GUS accumulation was similarly compromised in cells coexpressing AvrPm3 a2/f2 and Pm3a. These results in wheat corroborate the data obtained by transient expression assays in N. benthamiana, which demonstrate that AvrPm3 a2/f2 is the effector gene partner of the wheat Pm3 resistance gene alleles Pm3a and Pm3f.
To summarize, AvrPm3 a2/f2 cosegregates with AvrPm3f in locus_2. It is recognized by Pm3f (weaker HR is obtained with the natural allele in N. benthamiana compared with the Pm3f L456P/Y458H variant) and by Pm3a (in transient assays in N. benthamiana and wheat), which demonstrates that AvrPm3 a2/f2 is AvrPm3a and AvrPm3f.
Identification and Phylogenetic Analysis of the AvrPm3 a2/f2
Effector Family AvrPm3 a2/f2 encodes a typical B. graminis candidate secreted effector protein, which is relatively small (130 residues) and contains a predicted signal peptide, with a cleavage site predicted between position 24 and 25 (SignalP 4.0; Petersen et al., 2011; see Methods) , a conserved YxC motif, and a second C-terminal cysteine residue (Godfrey et al., 2010; Spanu et al., 2010; Wicker et al., 2013) , and no homology to any other characterized fungal protein or functional domain ( Figure 4A ). One interesting feature of B.g. tritici effectors is that they are often organized in clusters of members from the same family (Wicker et al., 2013) . To test if this is also the case for the AvrPm3 a2/f2 , we screened the genome of the reference 96224 isolate for genes that are closely related using BLAST search for sequence similarity. We found an effector family of 24 members, including all eight effectors predicted in locus_2 (Supplemental Figure 10) . We found five members located in sequences genetically close to locus_2, mainly in the genetically flanking contigs 33 and 52. Three were found as singletons in genetically unlinked sequences in contigs 81, 143, and 181. Finally, seven members were found in unassembled genomic sequences for which we have no genetic data. Taken together, these results demonstrate that AvrPm3 a2/f2 is a member of a larger gene family mainly clustered in locus_2 and its surrounding genomic regions. Wicker et al. (2013) have shown that almost 92% of the predicted B.g. tritici genes have homologs in B.g. hordei. We therefore searched the B.g. hordei genome for sequences that were homologous to the AvrPm3 a2/f2 effector family and found a set of 22 closely related effectors. Phylogenetic analysis showed that the sequences arranged into small groups by formae speciales, and only Pu_19 from B.g. tritici had a direct homolog in B.g. hordei (CCU83241.1) (Supplemental Figure 11) . We then tested for positive selection as previously described by Yang et al. (2000 Yang et al. ( , 2005 . We found that both effector families are under diversifying selection, with the sequence outside of the signal peptide region accumulating positively selected amino acids. Based on these observations, we inferred that the two effector families probably derived from a few common ancestors before the separation between B.g. tritici and Sequence variation in Avr effectors is a well known mechanism that allows pathogens to escape recognition and counteradapt to new host resistances (Ravensdale et al., 2011; Raffaele and Kamoun, 2012; Huang et al., 2014; Vleeshouwers and Oliver, 2014) . To determine the functional relevance of the two encoded sequence polymorphisms between AvrPm3 a2/f2 and avrPm3 a2/f2 on recognition by Pm3a and Pm3f, we modified AvrPm3 a2/f2 by site-directed mutagenesis. Two modified versions carrying either one of the two polymorphisms previously identified between the parental sequences were studied. In the AvrPm3 a2/f_G84E version, the glycine at position 84 was replaced by glutamate, while in AvrPm3 a2/f2_A107V , the alanine at position 107 was replaced by valine. Then, AvrPm3 a2/f2_G84E and AvrPm3 a2/f2_A107V were transiently coexpressed with Pm3a and Pm3f L456P/Y458H in N. benthamiana. Interestingly, no HR was observed in all infiltrations involving either combination, indicating that both amino acid polymorphisms are necessary for recognition by PM3A and PM3F, even though the glycine-to-glutamate substitution might have resulted in a more substantial modification of the protein than the conservative alanine-to-valine substitution ( Figure 6B ).
Allelic Suppression of the AvrPm3 a2/f2 -Pm3a/f Interaction Stirnweis et al. (2014b) previously showed that Pm3b was able to suppress an autoactive version of Pm3f that mimics downstream cell death signaling upon Avr recognition. Therefore, Pm3b is referred to as the "suppressing" allele and Pm3f as the "suppressed" allele. Here, we had the opportunity to address allelic suppression in the presence of the AVR protein. To do so, we coexpressed AvrPm3 a2/f2 together with Pm3f L456P/Y458H or Pm3a in order to induce HR in N. benthamiana and added Pm3b or Pm3c to test for HR suppression. Both Pm3b and Pm3c were able to suppress the Pm3a and Pm3f L456P/Y458H -mediated HR in the presence of AvrPm3 a2/f2 , demonstrating that the Pm3b/c alleles suppress the Pm3a/f-mediated resistance signaling also in the presence of AvrPm3 a2/f2 and Avr-dependent HR ( Figure 6C ).
Role of Locus_1 in the AvrPm3-Pm3 Interaction
Our genetic segregation and genetic mapping data indicate that locus_1 is involved in all AvrPm3-Pm3 interactions, including the AvrPm3 a2/f2 -Pm3a/f one. In our genetic model, avirulence on Pm3a is only determined by the genotype at locus_1 in the 94202 population. According to the 1:1 (A:V) segregation ratio, all progeny receiving the avirulence allele at this locus are avirulent on Pm3a ( Figure 1A ). For Pm3f, our genetic model indicates that the avirulence allele is required at both locus_1 and locus_2 (AvrPm3 a2/f2 ) so that a progeny is rendered avirulent on Pm3f. However, we demonstrated that locus_2 (which encodes for AvrPm3 a2/f2 ) is sufficient for conferring specificity of recognition (B) Cobombardment of AvrPm3 a2/f2 (Pu_7 avr ) with Pm3a in wheat reduces the number of GUS-expressing cells. The AvrPm3 a2/f2 construct encoding for a protein version without signal peptide was transiently coexpressed in wheat leaf segments with Pm3a and the pUbiGUS reporter, using the particle bombardment assay. The number of GUS-expressing cells was assessed 48 h after bombardment and compared between leaves coexpressing (1) Pm3a + AvrPm3 a2/f2 , (2) Pm3a + empty vector (pIPKb004) as a control, and (3) the cell death-inducing autoactive Pm3a HR + empty vector (pIPKb004) as a second control. Values are given as the average number of GUS-stained cells per slide containing five leaves. Six slides were counted for each of four to six bombardment assays (see Methods). Statistical significance was assessed using the unpaired Student's t test. Significance under the threshold P # 0.001 (***) is indicated. by Pm3a and Pm3f and yet avirulence on Pm3a is only determined by the genotype at locus_1. In this context, the role of locus_1 remains unclear.
In previous work by Parlange et al. (2015) , the putative effector gene Bcg1 was identified as the only gene cosegregating with AvrPm3f and AvrPm3c in the JIW2 population. The sequence of Bcg1 is identical in the virulent parents 94202 and JIW2 but polymorphic to the avirulent parent 96224. Using genetic markers derived from high-resolution mapping of AvrPm3f1 in the 94202 population, Parlange et al. (2015) demonstrated that Bcg1 cosegregates with locus_1, thus making the avirulence allele of Bcg1 (Bcg1 avr ) the best candidate for AvrPm3 a1/f1 . Using the same experimental conditions to test AvrPm3 a2/f2 (OD 600 = 1.2, Avr:R ratio = 4:1), we found that none of the parental alleles of Bcg1 (Bcg1 avr or Bcg1 vir ) is recognized by Pm3a or Pm3f L456P/Y458H (Supplemental Figure 12) . This result suggests that locus_1 is unlikely to encode a factor that is recognized by Pm3a or Pm3f. Thus, the genotype of the avirulent parent in this locus is not responsible for specificity toward Pm3a and Pm3f. Therefore, segregation ratios on Pm3a and Pm3f are best explained by a model where locus_1 encodes for a suppressor of the AvrPm3-Pm3 allelic interactions. In the case of Pm3a, the 1:1 segregation is best explained by the presence of a third factor (locus) that is not polymorphic between the parental isolates and recognized by Pm3a only.
Under the hypothesis of an interaction between Bcg1, AvrPm3 a2/f2 , and Pm3a/f, the two effector genes might have coordinated expression kinetics. We isolated RNA from leaf segments of the susceptible wheat cultivar 'Chinese Spring' inoculated with the avirulent isolate 96224. Samples were collected from three independent biological replicates every 24 h from 1 to 5 d postinoculation, and relative gene expression over time was assessed by RT-qPCR. Indeed, Bcg1 and AvrPm3 a2/f2 had similar expression kinetics, with a peak at 2 d ( Figure 7A ), indicating both effectors were upregulated at the early stages of haustorium formation where interactions with resistance proteins are likely to happen. Also, AvrPm3 a2/f2 , which is responsible for the avirulence of 96224 toward Pm3a/f, was induced earlier than Bcg1 (1 d postinoculation) and at a higher level.
Then, to assess if the expression pattern of Bcg1 avr and Bcg1 vir correlates with avirulence/virulence toward Pm3a and Pm3f, we compared the expression levels in the parental isolates 96224 (AvrPm3 a1/f1 , avirulent on Pm3a and Pm3f), JIW2 (avrPm3 a1/f1 , avirulent on Pm3a but virulent Pm3f), and 94202 (avrPm3 a1/f1 , virulent on Pm3a and Pm3f). RNA samples were produced from three independent biological replicates specifically at 2 d after infection when Bcg1 expression is highest. Quantitative expression analysis showed that Bcg1 expression was much higher in the virulent 94202 compared with 96224 (42.3-fold) and JIW2 (18.9-fold). To a less extent, but still of statistical significance, Bcg1 expression was also higher in JIW2 compared with 96224 (2.2-fold) ( Figure 7B ). Assuming that these differences are of biological relevance, they suggest that in addition to sequence variation between the Bcg1 avr and Bcg1 vir alleles, expression level polymorphism also correlates with virulence on Pm3a and Pm3f. The isolate 94202 showed the highest expression and is virulent on both Pm3 alleles. In the isolate JIW2, which is virulent only on the weaker Pm3f allele, Bcg1 is less expressed than in 94202, but still more than in 96224, which is avirulent on both alleles. Taken together, these data suggest that the Bcg1 vir is a quantitatively acting virulence factor, encoded by the virulent parent, which can suppress the AvrPm3 a2/f2 -Pm3a/f-mediated resistance. This suppression possibly depends on the level of gene expression and ultimately on different amounts of the final protein product required for suppressing the resistance mediated by the stronger PM3A versus the weaker PM3F allele.
To further test the suppressor hypothesis, we first analyzed the genetic association between Bcg1/AvrPm3 a2/f2 genotypes and virulence on Pm3a and Pm3f in 133 progeny (out of the 143 for which we had complete phenotype data for both alleles) (Supplemental Figure 13 and Supplemental Methods). According to our genetic model, we expect to find four genotype combinations: Bcg1 avr -AvrPm3 a2/f2 , Bcg1 avr -avrPm3 a2/f2 , Bcg1 vir -AvrPm3 a2/f2 , and Bcg1 vir -avrPm3 a2/f2 . Based on the 1:3 (A:V) segregation on Pm3f, we also expect that all progeny receiving the genotype Bcg1 avr -AvrPm3 a2/f2 are avirulent, while all progeny receiving any of the three other genotypes are virulent. In the 133 progeny we tested, we found perfect association between genotype combination and virulence on Pm3f as predicted by our model (Supplemental Figure 13) . In particular, our data showed that all individuals with the genotype Bcg1 vir -AvrPm3 a2/f2 were indeed all virulent on Pm3f and Pm3a, which supports the hypothesis that the AvrPm3 a2/f2 -mediated avirulence is suppressed by Bcg1 vir in these progeny. (A) Agroinfiltration assays in N. benthamiana with AvrPm3 a2/f2 constructs encoding the protein versions with and without signal peptide, coinfiltrated with Pm3a or Pm3f L456P/Y458H . Stronger HR was observed with the AvrPm3 a2/f2 construct expressing the version without signal peptide. Photographs were taken 5 d after infiltration. (B) Both polymorphic residues in the protein encoded by AvrPm3 a2/f2 are necessary for HR induction by Pm3a and Pm3f L456P/Y458H . Constructs expressing the AvrPm3 a2/f2_G84E and AvrPm3 a2/f2_A107V variants were coinfiltrated with those expressing Pm3a and Pm3f L456P/Y458H , and HR was assessed after 5 d. No HR was observed for either variant with a single amino acid exchange, in comparison with coinfiltration of AvrPm3 a2/f2 with Pm3a or Pm3f L456P/Y458H . (C) Suppression of the AvrPm3 a2/f2 -Pm3a/f-mediated HR by Pm3b and Pm3c in transient assays in N. benthamiana. The construct expressing AvrPm3 a2/f2 was coinfiltrated with constructs expressing Pm3a or Pm3f L456P/Y458H together with those expressing Pm3b, Pm3c, or GUS reporter. HR was assessed after 5 d. Suppression of HR was observed with all the combinations including Pm3b or Pm3c in presence of AvrPm3 a2/f2 and Pm3a, and with AvrPm3 a2/f2 and Pm3f L456P/Y458H . By contrast, no suppression of HR was observed in a positive control where Pm3b and Pm3c were replaced by GUS reporter or when AvrPm3 a2/f2 , Pm3a, and Pm3f were combined. Results in (A) to (C) were consistent across replicates from at least three independent experiments where four to eight leaves were assayed. Using the same agroinfiltration assay described above, we coexpressed AvrPm3 a2/f2 , Pm3f L456P/Y458H , and Bcg1 vir in N. benthamiana and Nicotiana tabacum and assessed for HR suppression in 39 leaves (30 leaves from two biological replicates in N. tabacum and nine leaves from a third replicate in N. benthamiana). HR suppression was assessed 5 d after infiltration relative to a control where Bcg1 vir was replaced by a GUS reporter plasmid and was observed in nine leaves (23%) and only in the combinations including Bcg1 vir (Supplemental Methods and Supplemental Figures 14A and 14B) . Here, although only partial HR suppression was obtained, we observed no leaves with HR suppression when GUS was delivered instead of Bcg1 vir (Supplemental Figure 14B) , thus suggesting that Bcg1 vir can suppress the AvrPm3 a2/f2 , Pm3f L456P/Y458H -mediated HR.
Then, to test for suppression activity of Bcg1 vir in wheat, we used the same particle bombardment assay as described above for the functional validation of AvrPm3 a2/f2 ( Figure 5B ) to coexpress AvrPm3 a2/f2 , Pm3a, and Bcg1 vir . As a control for the AvrPm3 a2/f2 -Pm3a interaction, we replaced Bcg1 vir by Pu_3, a member of the AvrPm3 a2/f2 effector family that is not recognized by Pm3a or Pm3f. In a third set of experiments, we coexpressed Pm3a, the empty expression vector and the GUS reporter, which served as a control for GUS accumulation. The number of GUSexpressing cells was assessed from two independent bombardment assays. No significant difference was observed between the bombardment involving Pm3a, the empty expression vector, and the GUS reporter, and the one involving Bcg1 vir (Pm3a, AvrPm3 a2/f2 , and Bcg1 vir ). By contrast, a significant difference was observed compared with bombardment with Pm3a, AvrPm3 a2/f2 , and Pu_3 (Supplemental Figure 14C) . As expected, GUS accumulation was compromised in cells coexpressing AvrPm3 a2/f2 and Pm3a and Pu_3. However, in the combination where Bcg1 vir is added instead of Pu_3, the number of GUS-expressing cells increases to a level comparable to the Pm3a-empty expression vector-GUS reporter control. These results are consistent with the data obtained by transient expression assays in N. benthamiana and N. tabacum and support the hypothesis that Bcg1 vir acts as a suppressor of the AvrPm3 a2/f2 -Pm3a/f interaction. For clarity and consistency with the genetics, we will hereafter refer to Bcg1 as a candidate suppressor of avirulence (Svr), with the parental alleles Bcg1 avr and Bcg1 vir called svrPm3 a1/f1 and SvrPm3 a1/f1 , respectively.
Inheritance of Parental Gene Expression Levels of SvrPm3 a1/f1 and AvrPm3 a2/f2
To further investigate the role of quantitative differences in gene expression in conferring or suppressing allelic recognition, we analyzed the expression of SvrPm3 a1/f1 and AvrPm3 a2/f2 in the parental isolates (96224 and 94202) and in four progeny exemplifying the four different genotype combinations depicted in Figure 1B . We also analyzed gene expression in progeny #43, which shows intermediate avirulence on Pm3f. Finally, we included in our analysis the EXP3 mutant (derived from isolate 96224 by UV mutagenesis), which showed virulence on Pm3f and intermediate virulence on Pm3a (Parlange et al., 2015) . Illumina sequencing of this mutant revealed no polymorphism to the genotype of the avirulent parent in locus_1 and locus_2. Additional resequencing of PCR fragments covering locus_1 (Parlange et al., 2015) and 1048 bp upstream and 895 bp downstream of AvrPm3 a2/f2 (this work) confirmed that the EXP3 genotype is identical to that of the avirulent parent at these loci (svrPm3 a1/f1 -AvrPm3 a2/f2 ).
RNA samples corresponding to three independent infections with the previously cited progeny isolates, and grown on the susceptible wheat line 'Chancellor,' were collected at 2 d postinoculation. Relative gene expression was assessed by RT-qPCR as in the previous experiments. In the parental isolates 96224 and 94202, SvrPm3 a1/f1 was highly expressed only in the virulent parent, while AvrPm3 a2/f2 was highly expressed only the avirulent parent. The opposite was obtained for svrPm3 a1/f1 and avrPm3 a2/f2 ( Figure 7C ). In progeny #104, #13, #45, and #90, we found that relative gene expression levels were best explained by the parental origin of the gene, which indicates that avirulence and suppressor genes are independently regulated. Here, the key observation is in progeny #90, which possesses the recognized AvrPm3 a2/f2 and yet is virulent on Pm3f. This result is evidence that the AvrPm3 a2/f2 -Pm3f interaction is suppressed in this progeny, which is best explained by the presence and the high expression level of SvrPm3 a1/f1 .
For progeny #43, which shows intermediate avirulence on Pm3f, gene expression levels were similar to those of the virulent progeny #45. Both isolates have the genotype svrPm3 a1/f1 -avrPm3 a2/f2 and yet they show different virulence levels on Pm3f. In the EXP3 mutant, which gained virulence toward Pm3f in the 96224 background, the expression pattern was also similar to that of progeny #45. However, EXP3 has the genotype of the avirulent parent for both genes (svrPm3 a1/f1 and AvrPm3 a2/f2 ), which suggests that gain of virulence toward Pm3f results from downregulation of the AvrPm3 a2/f2 effector gene. Together, these results are evidence for a second layer of control of avirulence/ virulence, where additional genetic factors quantitatively determine the final outcome of the AvrPm3-Pm3 interaction, in addition to the polymorphic amino acids distinguishing the proteins encoded by the AvrPm3 a2/f2 and avrPm3 a2/f2 alleles.
DISCUSSION
In this study, we aimed to achieve a better understanding of the genetic and molecular basis of avirulence and allelic specificity in the race-specific multiallelic series of the Pm3 resistance gene. We used genome-wide approaches to map the genes in the fungus controlling avirulence/virulence toward the Pm3 alleles In all these assays, total RNA was extracted from infected leaf tissue flash-frozen at the indicated time points. The values represent the average expression from three independent biological replicates. Standard error of the mean is indicated. and reported a mechanism of genetic control of avirulence involving three genetically interacting loci that is unique to the AvrPm3-Pm3 interaction. We cloned the avirulence effector in powdery mildews (AvrPm3 a2/f2 ) that is specifically recognized by the Pm3a/f allele pair. We demonstrated that different allelic specificities are controlled by distinct Avr/avr loci and mediated by recognition of an allele-specific avirulence effector gene, which is different from our original hypothesis of an allelic series of a single Avr gene in the pathogen based on the assumption of a simple coevolution of a receptor-ligand type of interaction.
Genome-Wide Approaches to Avr Mapping in Wheat Powdery Mildew
One limiting factor in genetic mapping is the ability to rapidly derive genotype information from entire genomes of several individuals. For this work, the availability of the genome sequences of the parental isolates used in crosses (Wicker et al., 2013) allowed us to use genome-wide approaches for mapping of the AvrPm3/ avrPm3 loci. We relied on the BAC-based physical map of wheat powdery mildew to derive genome-wide SNP markers representative of the BAC contigs. Thus, the wheat powdery mildew physical map can be integrated with the genetic maps we produced, which is a powerful approach for improving genome assembly (Beyer et al., 2007) . Furthermore, the use of LTC (Frenkel et al., 2010) significantly improved the quality of the BAC assembly, demonstrating that these algorithms are highly suitable in the very repetitive genome of powdery mildew. Finally, using the KASP high-throughput SNP genotyping technology (He et al., 2014) , we rapidly and successfully genotyped the SNP markers on a total of 318 progeny, originating from two crosses. We used 200 markers that are common to both mapping populations that also share the same avirulent parent 96224. This strategy allowed all markers to be anchored to the reference 96224 genome and circumvents marker ordering conflicts such as local reshuffles and global displacement (Wu et al., 2008; Chen and Yang, 2010) , thus allowing robust and genome-wide consensus mapping of the AvrPm3/avrPm3 loci across two populations.
Identification of AvrPm3 a2/f2
We mapped three loci in the genome where two, locus_1 and locus_3, contained Avr factors involved in multiple specificities, whereas locus_2 only contained AvrPm3 f2 . Therefore, we chose to map avirulence specificity toward Pm3f in locus_2. Mapping the genetic interval containing AvrPm3 f2 was only possible because our phenotyping and genetic data enabled us to distinguish progeny with the AvrPm3 f1 -AvrPm3 f2 genotype from progeny with the AvrPm3 f1 -avrPm3 f2 genotype (Supplemental Figure 6) . The sequence of locus_2 consisted mainly of transposable elements and a family of putative candidate secreted effector genes, including AvrPm3 a2/f2 . In barley powdery mildew, close physical association with transposable elements was reported for AVR k1 and AVR a10 , although no secreted protein was predicted in this locus (Ridout et al., 2006) .
The AvrPm3 a2/f2 gene encodes a putative secreted effector protein of 130 amino acids with a predicted N-terminal secretion signal that is typical of avirulence genes from fungal and oomycete plant pathogens (Dodds et al., 2009) . Our findings contrast with the atypical avirulence factors AVR k1 and AVR a10 isolated from barley powdery mildew, which are classified as atypical avirulence proteins, lacking an N-terminal secretion signal, and associated with transposable elements (Ridout et al., 2006) . AvrPm3 a2/f2 exhibits allelic variation consisting of two amino acid polymorphisms between the avirulence and virulence versions. Both polymorphisms are individually sufficient for escaping recognition by Pm3a/f (Figure 6B ), which is consistent with the hypothesis that sequence variation is a common mechanism found in plant pathogens to be beneficial for the evolution of Avr effectors toward escaping recognition by the host. Other mechanisms, such as pseudogenization or gene loss, might also exist (Ravensdale et al., 2011; Raffaele and Kamoun, 2012; Huang et al., 2014; Vleeshouwers and Oliver, 2014) .
Consistent with previous studies using autoactive PM3 proteins (Stirnweis et al., 2014a (Stirnweis et al., , 2014b , transient expression of AvrPm3 a2/f2 with Pm3a, Pm3f, or Pm3f L456P/Y458H in N. benthamiana led to cell death. In wheat, transient expression of AvrPm3 a2/f2 with Pm3a led to a significant reduction in the number of cells accumulating the GUS reporter, as did the autoactive Pm3a HR construct, likely because of an activation of Pm3a by AvrPm3 a2/f2 resulting in cell death. Therefore, we propose that the Pm3 resistance is mediated by HR upon AvrPm3 recognition, a common immune response in many Avr-R interactions (Howles et al., 2005; Yoshida et al., 2009; Catanzariti et al., 2010; Williams et al., 2011; Cesari et al., 2013) . Also, taking into consideration that stronger HR was obtained in N. benthamiana when using the AvrPm3 a2/f2 construct without signal peptide, we propose that the AvrPm3-Pm3 interaction is intracellular, which can take place in the cytosol or the nucleus. This also implies that AvrPm3 a2/f2 is translocated into the plant cell. In the oomycete Pythium ultimum, a YxSL[KR] motif was found to be conserved among effectors specifically and highly expressed during infection (Lévesque et al., 2010) , which somewhat resembles the YxC motif found in powdery mildew effectors, including AvrPm3 a2/f2 . One hypothesis is that the YxC motif could be involved in translocation of the effector protein inside the host cell. This could be now addressed in powdery mildews, using the AvrPm3 a2/f2 -Pm3a/f interaction as a system for such functional studies.
The Genetic and Molecular Basis of Specificity
Despite very high sequence similarity between the Pm3 alleles, including the LRR domain (Bhullar et al., 2009 (Bhullar et al., , 2010 Brunner et al., 2010) , only Pm3a and Pm3f are capable of recognizing AvrPm3 a2/f2 . This specificity is further demonstrated by allelic suppression of the Pm3a/f-mediated signaling, by the Pm3b/c alleles, in presence of AvrPm3 a2/f2 , thus substantiating that this Avr is not recognized by Pm3b/c. Previous studies have suggested that polymorphisms in LRRs 25 to 28 of the PM3 alleles are associated with differences in AVR recognition (Brunner et al., 2010; Sela et al., 2014) . This LRR region is highly conserved between the Pm3a/f pair of weaker and stronger alleles (Brunner et al., 2010) , which is consistent with dual recognition of AvrPm3 a2/f2 . Interestingly, the same region is also highly conserved between the Pm3b/c pair of weaker and stronger alleles but divergent from that of the Pm3a/f pair (Brunner et al., 2010) . Assuming there is a similar situation for Pm3b/c, we propose that specificity of recognition toward these two alleles is mediated by a single AvrPm3b/c effector gene.
On the pathogen side, we showed that avirulence toward the Pm3b/c pair is controlled by the same two loci (locus_1 and locus_3). By analogy to locus_2, we propose that locus_3 controls dual specificity toward Pm3b and Pm3c in a process similar to the AvrPm3 a2/f2 -Pm3a/f interaction. In locus_1, the only gene present (Bcg1) encodes a putative secreted effector (Parlange et al., 2015) . At the gene expression level, we found that Bcg1 is induced at dramatically higher levels in the virulent isolate 94202 compared with the avirulent isolate 96224. The opposite was observed for the AvrPm3 a2/f2 effector (Pu_7). Our interpretation is that if Bcg1 were an avirulence factor, one would expect this gene to be induced in the avirulent parent, like AvrPm3 a2/f2 . These data are best explained by a model where the virulence allele of Bcg1 acts as a suppressor of the AvrPm3-Pm3 interaction. This model also predicts the presence of a third factor that is recognized by Pm3a only. The suppressor activity of Bcg1 was partially demonstrated in transient assays in the tobacco system and in wheat. Although these assays do not provide definitive evidence for suppression, these data are in best agreement with the hypothesis that the virulence allele of Bcg1, encoded by locus_1 in the virulent parents 94202 and JIW2, is a suppressor of the AvrPm3-Pm3 interaction that we refer to as SvrPm3 a1/f1 . We propose that Bcg1 occurs in two allelic forms differing in expression level: One allele (svrPm3 a1/f1 ) present in the parental isolate 96224 is expressed at low level, allowing specific recognition and signaling to occur, whereas the allele present in isolate 94202 (SvrPm3 a1/f1 ) is expressed at a high level, suppressing recognition or signaling and therefore acting as a virulence gene. Here, we predict that in addition to amino acid polymorphism differentiating the proteins encoded by svrPm3 a1/f1 and SvrPm3 a1/f1 , polymorphisms in gene expression, which ultimately affects the amount of protein produced, might also play a role in suppression. Therefore, we cannot exclude the possibility that the protein encoded by svrPm3 a1/f1 in the avirulent parent has retained suppressor activity and that suppression would then also depend on the final amount of protein accumulating in the cell. The fact that the Bcg1 effector gene family is under diversifying selection (Parlange et al., 2015) suggests a possible interaction with a host factor. We propose that Bcg1 suppresses a wheat factor involved in the AvrPm3-Pm3-mediated resistance and acts as a third genetic component of the interaction: SvrPm3. Thus, the critical factor defining avirulence versus virulence in the AvrPm3-Pm3 interaction, in a specific genetic cross of two mildew isolates, depends on the combination of Avr/avr and Svr/svr factors. The control of avirulence by a suppression mechanism is also an elegant solution that allows the pathogen to avoid recognition without alteration or deletion of the avirulence gene, thus keeping an active effector. Such a complex mechanism in the pathogen might represent an evolutionary advantage for pathogen fitness. It remains to be determined if this model is confirmed in the study of other isolates and crosses or if there are additional levels of control that might be revealed by studying additional isolates.
Additionally, the role of polymorphic amino acids versus gene expression changes in AvrPm3 a2/f2 remains to be further investigated in additional isolates to fully understand the interactions. Based on expression data, gain of virulence toward Pm3f of the EXP3 mutant is best explained by the much lower level of expression of AvrPm3 a2/f2 compared with the avirulent parent. In the stem canker fungus L. maculans, RNAi-mediated silencing of the AvrLm6 avirulence effector in the Rlm6 avirulent isolate v23.1.3 resulted in gain of virulence toward the cognate resistance gene (Fudal et al., 2007) . Actually, changes to Avr genes can be mediated without modification of the protein sequence through mechanisms such as epiallelic variation, mutations in ciselements, alteration of trans-acting factors, or epigenetic modulation (Bakkeren and Valent, 2014; Gijzen et al., 2014) . In the case of the AvrPm3 a2/f2 -Pm3a/f interaction, we propose that gain of virulence toward Pm3f in the EXP3 mutant background is due to an alteration or loss of a transacting factor that regulates the expression of AvrPm3 a2/f2 . In future work, we want to map and clone the mutation underlying the molecular basis of gain of virulence in the EXP3 mutant.
The Pm3 multiallelic race-specific resistance is controlled by multiple and genetically interacting loci, contrasting with the control of avirulence reported in many fungal and oomycete plant pathogens based on single genes. This control by distinct loci with an allele-specific cognate effector protein, and a suppressor locus, is quite a different system from the Avr allelic variant series of rice blast and Arabidopsis downy mildew, involved in avirulence conferred by the RPP13 and Pik allelic series of R genes, respectively Hall et al., 2009; Terauchi et al., 2011; Figure 8 . The Avr/R/Svr Genetic Model.
We propose that the Pm3 multiallelic race-specific resistance follows a three component interaction model involving (1) an allele of the R gene; (2) an avirulence effector (Avr) specifically recognized by this allele that can also occur as a virulence form (avr) that is not recognized; and (3) a pathogen-encoded suppressor of the Avr-R interaction (Svr) that can also occur as a nonsuppressor form (svr). Resistance is mediated only by the Avr/R/svr combination where the resistance gene recognizes its cognate avirulence effector in absence of the suppressor. In absence of the cognate Avr or in presence of the Svr suppressor, the interaction results in susceptibility. Kanzaki et al., 2012) . However there are some similarities to the more complex flax L gene system involving multiple genetic loci in flax rust that determine avirulence, including an inhibitor locus (Lawrence et al., 1981; Ellis et al., 2007) . Finally, the identification of a suppressor locus for the specific AvrPm3-Pm3 interaction is reminiscent of F. oxysporum Avr1, which acts as an avirulence gene and a suppressor gene (Houterman et al., 2008; Gawehns et al., 2014; Ma et al., 2015) . It remains to be determined whether SvrPm3 a1/f1 can also act as an avirulence gene, possibly for any of the many other Pm3 genes in the wheat genome.
In contrast to the non-LTR retrotransposon-associated atypical avirulence factors in barley powdery mildew (Avr a10 and Avr k1 ) (Ridout et al., 2006) , AvrPm3 a2/f2 is a typical fungal avirulence effector. We also identified a candidate suppressor of the Pm3a/ f-mediated resistance (SvrPm3 a1/f1 ) that is also a typical fungal effector. The finding that the repertoire of typical secreted effectors found in powdery mildews contains possible Avr genes and suppressor of race-specific resistance now allows the study of effector biology and race-specific resistance in this agronomically important class of fungal plant pathogens. In addition, the AvrPm3 a2/f2 -Pm3a/f-SvrPm3 a1/f1 interaction is a promising system for functional studies of conserved effector motifs and protein structure. By identifying the Avr of an allele of Pm3, we were also able to combine pathogen and host aspects of the Pm3 allelic specificity that have been studied for more than a decade. In our model, Pm3 resistance is mediated by an interaction involving an allele-specific avirulence effector (Avr), a resistance gene allele (R), and an allele-unspecific pathogen-encoded suppressor of avirulence (Svr) that we propose as the Avr-R-Svr model for racespecific resistance based on Pm3 alleles (Figure 8 ).
METHODS Fungal Crosses, Plant Material, and Virulence Tests
Blumeria graminis (Bgt) isolates were maintained on detached leaves of the susceptible wheat (Triticum aestivum) cultivar 'Kanzler' on benzimidazole agar as described by Parlange et al. (2011) . The cross between the Swiss isolates 96224 (mating type MAT1-2) and 94202 (mating type MAT1-1) was performed as described by Wicker et al. (2013) , and single ascospore cultures were generated and purified twice as described by Brown and Wolfe (1990) , producing an F1 population of 167 individuals. These progeny were entirely or partially phenotyped on wheat differential lines containing only one allele of the Pm3 resistance gene as follows: 166 on Pm3a, 158 on Pm3b, 159 on Pm3c, 158 on Pm3d, 68 on Pm3e, and 167 on Pm3f. Virulence tests were performed as described by Brunner et al. (2010) . At least three biological replicates were scored at 9 and 12 d postinoculation according to the percentage of LC with pustules. Three distinct phenotypic classes were obtained and scored as follows: LC = 60 to 100%, virulent; LC = 10 to 40%, intermediate; LC = 0%, avirulent (Supplemental Figure 1) . Of these 167, we genotyped 154 individuals using KASP technology. Finally, for mapping multiple Avr loci using different subsets of the population, we used 143 progeny out of 154, for which we had complete phenotype data on Pm3a,b,c,d,f.
DNA/RNA Isolation and Construction of Plasmid Vectors
High molecular weight DNA was extracted as previously described by Wicker et al. (2013) with modifications (Supplemental Methods). RNA samples were extracted from infected leaf material using the Qiagen miRNeasy Mini Kit (Qiagen) according to the manufacturer. RACE-PCR ready cDNA was prepared with the SMARTer RACE cDNA kit (Takara Bio) according to the manufacturer. Full-length cDNA was prepared using the SuperScript III RT kit (Life Technologies) according to the manufacturer. Molecular cloning into Gateway-compatible entry vector was performed using the pENTR/D-TOPO Cloning Kit (Life Technologies) according to the manufacturer. Site-directed mutagenesis and recombination to the binary vector pIPKb004 were performed as previously described by Stirnweis et al. (2014a) . Primers used for experimental gene annotation and molecular cloning are listed in Supplemental Table 1 .
Quantitative Real-Time PCR Experiments
RT-qPCR experiments were performed according to the MIQE guidelines (Bustin et al., 2009) . RNA samples were extracted from infected leaf material originating from three independent biological replicates, using the Qiagen miRNeasy Mini Kit (Qiagen) according to the manufacturer. RTqPCR ready cDNA was synthesized from 1.5 mg total RNA using the iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer. Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and Actin (Act1) genes were used as internal controls. Gene expression was normalized to that of Gapdh. Target and reference gene fragments were amplified using the KAPA SYBR FAST qPCR kit (Kapa Biosystems) and the CFX96 Real-Time PCR detection system (Bio-Rad) according to the manufacturer. Gene expression was analyzed using CFX Manager software version 3.1 (http:// www.bio-rad.com/en-ch/product/cfx-manager-software). RT-qPCR primers for reference and target genes are listed in Supplemental Table 2 .
Construction of Genetic Linkage Maps
Markers were derived from high-confidence SNPs (minimum base coverage threshold $53, confirmation from $90% of the reads) in predicted coding sequences preferentially nearest to the ends of the 250 fingerprinted BAC contigs of the genome (FPCs, hereafter referred to as contigs; Parlange et al., 2011; Wicker et al., 2013) . Contigs that lacked highconfidence SNPs in coding sequences, or those that contained no predicted gene, were excluded from the analysis. Large contigs (size >500 kb) were given two markers (left end and right end), and small contigs were given one marker (middle). Progeny were scored for identity to the parental genotypes using KASP technology (He et al., 2014) at KBioscience (LGC Genomics). Monomorphic and null data markers were removed and genetic maps were constructed using the MapDisto software as described by Aluko et al. (2004) (LOD min = 3 and r max = 0.3), Mapmaker as described by Lander et al. (1987) , and MultiPoint (www.multiqtl.com). The final list of SNP/KASP markers used for building the genetic maps is available as Supplemental Data Set 1. Mapping of AvrPm3 f2 , AvrPm3 b2 , and AvrPm3 d2 was done by selecting progeny subsets segregating in a 1:1 ratio (A:V) for these loci, based on overall segregation ratios and phenotype patterns (Supplemental Figures 2 to 4 and 6 and Supplemental Methods). Map curation and construction of consensus linkage groups carrying the AvrPm3 loci were done manually by comparing one-by-one marker order in all linkage groups.
Bulk Segregant Analysis
Bulked DNA samples were prepared by mixing an equal ratio of DNA extracted from 23 progeny of the AvrPm3 f1 /AvrPm3 f2 genotype (Supplemental Figure 6 ). Five micrograms of DNA was used for Illumina sequencing of 125 bp paired ends with 2003 coverage (8.73 per progeny). Of the 406.7 million Illumina reads (100 bp on average), 264.7 million reads were aligned to the reference sequence (96224) using CLC Genomics Workbench 6.01 software, resulting in an average read depth of 167.83. Only SNPs on reads with >203 and <2003 coverage were analyzed for polymorphisms to ensure representation of each progeny and to exclude SNPs in transposable elements. The final list of 99,826 SNP positions corresponding to the avirulent 96224 genotype was compiled with a threshold of frequency >90%. SNPs were plotted on the 250 BAC contigs of the genome and association to the 96224 genotype was assessed for each contig manually. We identified 10 contigs genetically associated to the 96224 genotype (Supplemental Table 3 and Supplemental Figure 7) . Contig-specific CAPS markers were used for high-resolution mapping in locus_2.
LTC and BAC Sequencing
The B.g. tritici BAC library was previously produced from isolate 96224 as described by Parlange et al. (2011) . The LTC assembly was applied to the genome as described by Frenkel et al. (2010) . The LTC assembly resulted in three clusters that were manually combined to form scaffold 10, which contained locus_2. LTC cluster visualization and graphical editing was performed using Pajek software (Batagelj and Mrvar, 2003) . BACs were selected based on their positions in BAC fingerprint assemblies generated with LTC (Frenkel et al., 2010) , and 3D-DNA pools of the library were screened by PCR using genetic and physical markers. Candidate clones were confirmed by PCR and plasmids were extracted using the Qiagen Large-Construct Kit according to the manufacturer's protocol. BAC insert sizes were estimated by digestion with NotI and pulsed field gel electrophoresis. Selected BAC clones were sequenced using Illumina MiSeq technology (2 3 250 bp paired end; GATC Biotech). Individual BAC reads were assembled using the CLC Genomics Workbench version 6.0.1 at default settings. Approximately 5 to 17 contigs were obtained per BAC and were arranged into the most likely linear order based on sequence analysis and information on BAC clone overlaps.
Gene Annotation
Annotation of the assembled locus_2 sequence was performed manually by first identifying repetitive elements by BLAST search against an inhouse database of B. graminis TEs. Genes were identified by BLASTx searches against B. graminis proteins (Wicker et al., 2013) . Both TEs and genes were manually annotated using dot plot alignments produced with Dotter (Sonnhammer and Durbin, 1995) . Identification of orthologous genes in B.g. hordei and B.g. tritici was done manually. BLAST search results of gene sequences were analyzed according to the number of detected homologs. Significantly homologous single hits were regarded as single-copy orthologs, while multiple predicted orthologous hits were disregarded. Based on shared homology at the nucleotide level, ClustalX 2.1 alignments (Larkin et al., 2007) were made by manually selecting the members of the AvrPm3 a2/f2 candidate effector gene family and the homologous family in B.g. hordei. Secretion signals were predicted by SignalP V3.0 (D-cutoff values > 0.5).
Phylogenetic Analysis
All multiple alignments were performed with Muscle 3.8.31 (Edgar, 2004) . Raxml 8.0.22 (Stamatakis, 2014) was used to find the maximum likelihood tree using a GTR + GAMMA model, and bootstrap support was computed with 100 replications. The protein alignments were back translated to nucleotide alignments using TranslatorX v1.1 (Abascal et al., 2010) . To test for positive selection, we estimated the likelihood of the maximum likelihood tree under the M8a and M8 model (Yang et al., 2000) with Paml 4.8 (Yang, 2007) and subsequently used the likelihood ratio test. To test for positive selection on specific subtrees, we used the branch model combined with the site model M2 with v 2 > 1 on the foreground clade(s) and M2 with v 2 = v 1 = 1on the background (Nielsen and Yang, 1998; Weadick and Chang, 2012) . The sequences of the AvrPm3 a2/f2 effector family used for phylogenetic analysis are available as Supplemental Data Set 2. A text file of the sequence alignment used for phylogenetic analysis is available as Supplemental Data Set 3.
Transient Protein Expression Assays in Nicotiana benthamiana and Nicotiana tabacum
Transient expression by agroinfiltration in Nicotiana benthamiana and N. tabacum was performed according to the protocols described by Ma et al. (2012) and Dugdale et al. (2014) , respectively, with modifications. Briefly, we added a wash/recovery step where overnight Agrobacterium tumefaciens cultures in Luria broth medium containing appropriate antibiotics were harvested by centrifugation at 3000g for 5 min, followed by resuspension in fresh Luria broth medium without antibiotics and incubation for 30 min to 1 h at 28°C with 200 rpm shaking. Then, agrobacteria were harvested, resuspended, and diluted in infiltration medium (10 mM MES, pH 5.6, 10 mM MgCl 2 , and 150 µM acetosyringone) to an OD 600 = 1.2 and incubated 3 to 4 h at 28°C with 200 rpm shaking to induce virulence. To test for an AvrPm3-Pm3 interaction, agrobacteria expressing the AvrPm3 candidates or the Pm resistance gene alleles were mixed in 4:1 ratio of Avr:R. To test for suppression of the AvrPm3a2/f2-Pm3f L456P/Y458H interaction by Bcg1 vir (SvrPm3 a1/f1 ), agrobacteria expressing each one these genes were mixed in a 3:1:9 ratio of Avr:R:Svr, using pIPKb004_GUS as a control. In N. tabacum, HR development was assessed 5 to 7 d after agroinfiltration. In N. benthamiana, HR development was revealed 5 d after infiltration by Trypan blue staining as described by Ma et al. (2012) .
Transient Protein Expression Assays in Wheat
Particle bombardment was performed as described by Brunner et al. (2010) with modifications. To assess for recognition of AvrPm3 a2/f2 by Pm3a in wheat, leaf segments were cobombarded with 1.5 µg of the pUbiGUS reporter plasmid, 1.5 µg of the resistance gene expression vector, and 6 µg of the Avr-expressing vector or the empty vector. Leaves were kept for 48 h without fungal infection and then GUS stained (Schweizer et al., 1999) . For each bombardment assay, six slides containing five randomly selected leaf segments were assessed by microscopy for the number of GUS-stained cells. The number of GUS-expressing cells is representative of the average from four to six bombardment assays. To assess suppression of the AvrPm3 a2/f2 -Pm3a interaction by Bcg1 vir (SvrPm3 a1/f1 ) in wheat, leaf segments were cobombarded with 1.5 µg of the pUbiGUS reporter plasmid, 1.5 µg of the resistance gene expression vector, 3 µg of the Avrexpressing vector, and 3 µg of the vector expressing the candidate suppressor Bcg1 vir . In the controls, AvrPm3 a2/f2 and Bcg1 vir were replaced in equivalent amounts with the empty vector and the Pu_3 effector gene, respectively. Leaves were kept for 48 h without fungal infection and then GUS stained (Schweizer et al., 1999) . For each bombardment assay, six slides containing five randomly selected leaf segments were assessed by microscopy for the number of GUS-stained cells. Number of GUS expressing cells is representative of the average from two independent bombardment assays.
Accession Numbers
The complete sequence of the AvrPm3f2 locus is deposited in the GenBank/EMBL data libraries under the accession number KT714072. The sequences of the AvrPm3 a2/f2 effector family used for phylogenetic analysis are available as Supplemental Data Set 2. Supplemental Figure 6 . Progeny selected for the high-resolution mapping population for AvrPm3 f2 and bulk segregant analysis.
Supplemental Figure 7 . Visualization of SNP association to the 96224 genotype in the BAC contigs identified by BSA as associated to avirulence toward Pm3f and genetically linked to AvrPm3 f2 in locus_2.
Supplemental Figure 8 . Scaffold 10 of the LTC assembly of the BAC library containing locus_2.
Supplemental Figure 9 . The natural Pm3f allele gives weak HR upon recognition of AvrPm3 a2/f2 .
Supplemental Figure 10 . Annotated protein alignment of the AvrPm3 a2/f2 effector family in the Blumeria graminis f. sp tritici genome of the reference isolate 96224.
Supplemental Figure 11 . Phylogenetic tree of the AvrPm3 a2/f2 effector family in Blumeria graminis f. sp tritici and its homologous family in Blumeria graminis f. sp hordei.
Supplemental Figure 12 . The locus_1-encoded Bcg1 avr allele is not recognized by Pm3a and Pm3f L456P/Y458H .
Supplemental Figure 13 . Genetic association between allelic variation of Bcg1/Pu_7 genotypes and phenotypes on Pm3a and Pm3f.
Supplemental Figure 14 . Suppression of the AvrPm3 a2/f2 -Pm3a/f interaction by Bcg1 vir .
Supplemental Table 1 . Primers used for gene annotation, genotyping, and molecular cloning.
Supplemental Table 2 . BAC contigs associated to avirulence of the 96224 isolate on Pm3f.
Supplemental Table 3 . RT-qPCR primers.
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